We synthesized nanotubes and nanowires of -conjugated poly ͑3-methylthiophene͒ ͑P3MT͒ by using nanoporous anodic aluminum oxide ͑Al 2 O 3 ͒ template through electrochemical polymerization method. From scanning electron microscope and transmission electron microscope photographs, we observed the formation of nanotubes with diameters of 100-200 nm and wall thicknesses of 5-10 nm. Relatively long nanotubes and nanowires of P3MT ͑about 40 m in length͒ were obtained. To discern the structural and optical properties of the systems, we measured ultraviolet and visible absorbance and Fourier transform-infrared spectroscopy. We observed that the doping level, the -* transition peak, and bipolaron peaks in P3MT nanotubes varied with synthetic temperature. The photoluminescence ͑PL͒ spectra of the P3MT nanotubes solution were observed at ϳ490 nm. For the P3MT nanotubes synthesized at lower temperatures, the PL peaks became sharper and the resistance decreased. electrochromic devices, 5 and light-emitting diodes. 6 An important factor in these considerations is environmental stability in the presence of oxygen or moisture and easy control of electrical and optical properties.
We synthesized nanotubes and nanowires of -conjugated poly ͑3-methylthiophene͒ ͑P3MT͒ by using nanoporous anodic aluminum oxide ͑Al 2 O 3 ͒ template through electrochemical polymerization method. From scanning electron microscope and transmission electron microscope photographs, we observed the formation of nanotubes with diameters of 100-200 nm and wall thicknesses of 5-10 nm. Relatively long nanotubes and nanowires of P3MT ͑about 40 m in length͒ were obtained. To discern the structural and optical properties of the systems, we measured ultraviolet and visible absorbance and Fourier transform-infrared spectroscopy. We observed that the doping level, the -* transition peak, and bipolaron peaks in P3MT nanotubes varied with synthetic temperature. The photoluminescence ͑PL͒ spectra of the P3MT nanotubes solution were observed at ϳ490 nm. For the P3MT nanotubes synthesized at lower temperatures, the PL peaks became sharper and the resistance decreased. electrochromic devices, 5 and light-emitting diodes. 6 An important factor in these considerations is environmental stability in the presence of oxygen or moisture and easy control of electrical and optical properties. 7 With the development of Si-based nanotechnology, nanoscale -conjugated organic molecules and polymers have now been applied to biological and chemical sensors, 8 single-electron transistors, 9 nanotips in a field emission display, 10 photovoltaic cells, etc. Nanoporous template method has been used to synthesize well-defined nanoscale tubes or wires inside nanoporous channels. This technique has many advantages, in that it is low-cost, control of physical properties or size is easy, and that it lends itself to the logic of mass production. Through electrochemical polymerization, the shape ͑tube or wire͒, the size, and the electrical or optical properties of the nanomaterials can be controlled. 11 Shi et al. 12 and Wang et al. 13 reported for the synthesis and the photovoltaic applications of the PT nanotubles, respectively, which were synthesized by using an electrochemical polymerization method and the nanoporous templates. Martin's group 14 reported conductive P3MT micro-or nanofibers synthesized by using electrochemical polymerization method, however, their samples were not the separated and relatively long single-strand P3MT nanotubes.
We report the synthesis of P3MT nanotubes and nanowires prepared at various synthetic temperatures, and describe their optical and structural characteristics. Nanotubes and nanowires of P3MT with lengths of ϳ40 m were obtained. When the current density of ϳ1.7 mA/ cm 2 was applied for 18-20 min, the relatively long and thin P3MT nanotubes were obtained. The doping level and the -* transition peak of the P3MT nanotubes were controlled by synthetic temperature, and affected by the use of organic solvents to remove the template. The photoluminescence ͑PL͒ spectra for the P3MT nanotubes became sharper and the resistance decreased, as the synthetic temperature decreased. We suggest better chain alignment and extended conjugation length for the P3MT nanotubes synthesized at lower temperatures.
The P3MT nanotubes and nanowires with diameters of 100-200 nm were synthesized through electrochemical polymerization method using Al 2 O 3 nanoporous membranes ͑Whatman Co.͒. The thickness of the Al 2 O 3 membranes was ϳ60 m, so we could control the length of the nanotubes or nanowires up to ϳ40 m, in this study. The electrolyte consisted of a solvent, dopant, and monomers. 3-methylthiophene monomers ͑98% purified materials͒ were purchased from Aldrich. Tetrabutylammonium hexafluorophosphate was used as a dopant, and acetonitrile was used as the solvent. The monomer: dopant molar ratio was 5 : 1. In order to synthesize relatively long ͑10-40 m͒ nanotubes, we applied a current density of ϳ1.7 mA/ cm 2 to the substrate for 18-20 min. In the case of P3MT nanowires, the higher current density of 2.0-2.5 mA/ cm 2 was applied for longer time as ϳ23 min. We observed that polymerization was initiated from the wall side ͑i.e., inside͒ of the nanoporous. It is noted that the synthesized nanotubes have an open end at the top, which was similar to the observation of Shi's work. 12 The P3MT nanotubes and nanowires were synthesized at various low temperatures ͑20°C, 0°C, and −20°C͒ with the same synthetic conditions in terms of polymerization time, current density, and monomer: dopant molar ratio. After the polymerization of P3MT nanomaterials had occurred inside the Al 2 O 3 template, HF or NaOH solution was used to dissolve the template. The mole concentration of the HF or NaOH solution and the dissolving time played important roles for the separation of aligned singlestrand nanotubes and nanowires. In order to dissolve the a͒ Author to whom correspondence should be addressed; electronic mail; jjoo@korea.ac.kr template, we used 2 M of HF or NaOH solution for 15 min, which were different from the earlier reports. 12, 13 The formation of P3MT nanotubes and nanowires was visualized with a scanning electron microscope ͓͑SEM͒ JEOL KSM-5200͔, and a transmission electron microscope ͓͑TEM͒ JEOL 1200EX͔. The ultraviolet and visible ͓͑UV/VIS͒ HP 8453͔ absorbance and Fourier transform-infrared spectroscopy ͓͑FTIR͒ BOMEN MB-104͔ spectra were measured at room temperature ͑RT͒. The PL intensity ͑Aminco.Bowman FA-256͒ of the P3MT nanotubes dispersed in methanol was measured at RT. The current-voltage ͑I-V͒ characteristic curves and the resistance of the bundle of the P3MT nanotubes were measured by using Keithley 236 source measurement unit.
Figures 1͑a͒ and 1͑b͒ show SEM and TEM photographs of P3MT nanotubes, respectively, which were synthesized at 20°C. For the nanotubes, the current density of ϳ1.7 mA/ cm 2 was applied for 18-20 min, while, for the nanowires as shown in the inset of Fig. 1͑a͒ , the current density of 2.0-2.5 mA/ cm 2 was applied for 23 min. We observed that, as the polymerization time and applied current density increased, the length of the nanotubes or nanowires increased, and the inside of nanotubes filled with wire. We synthesized P3MT nanotubes with length of ϳ40 m and wall thicknesses of 5-10 nm, as shown in Fig. 1͑b͒ . This result implies the initiation of polymerization from the inside wall of the Al 2 O 3 nanoporous template. 15 Figure 2 compares UV/VIS absorbance spectra of the HF-treated P3MT nanotubes, which were synthesized at 20°C, 0°C, and −20°C. We observed that the -* transition peak shifted from 2.27 eV to 2.33 eV for the systems synthesized at 20°C and −20°C, respectively. For those P3MT nanosamples, as the synthetic temperature became lower from 20°C to −20°C, the intensity of bipolaron peaks at ϳ1.6 eV increased, implying a variation of the degree of the doping with temperature. 16 The position of bipolaron peaks, however, was independent of polymerization temperature. For the NaOH-treated P3MT samples, bipolaron peaks were observed at ϳ1.6 eV only for the P3MT samples synthesized at −20°C, as shown in the inset of Fig. 2͑a͒ . The -* transition peak of NaOH-treated P3MT nanotubes was observed at ϳ2.15 eV. We suggest that optical spectra and electrical properties of P3MT nanotubes can be controlled through synthetic temperature and template dissolving organic solvents. The results of UV/VIS spectra measurements are consistent with previous works for bulky P3MT samples, 16 in which the mean conjugation length became longer for P3MT nanotubes synthesized at lower temperature due to the reduction of branching or cross linking between main polymer chains through the methyl group of the thiophene ring. It had been reported that electrochemically synthesized conducting polymers at lower temperatures ͑be-low RT͒ have enhanced electrical properties due to better chain alignment and extended conjugation length. 17 The inset of Fig. 2͑b͒ compares FTIR spectra of P3MT nanotubes, which were synthesized at 20°C, after HF or NaOH treatments. We observed characteristic vibration peaks for P3MT structures. 16, 18 Vibration peaks due to out-of-plane C-H deformation were observed at 617 cm −1 and 822 cm −1 . 18 The methyl deformation vibration peak was observed at 1391 cm −1 and the ring stretch vibration peak was observed at 1455 cm −1 . 18 We observed doping-induced vibration peaks at 970 cm −1 , 1156-1170 cm −1 , and 1290-1310 cm −1 , with three subpeaks. 18 The FTIR characteristic peaks for HFtreated samples were broader than those of NaOH-treated samples, because of electronic transitions associated with free charge carriers in the doped states. Based upon the results of the FTIR experiments, we surmise that the P3MT nanotube samples treated with NaOH solution remained in a doped state, which might be due to the protection of the de-doping, and of the cross linking between main polymer chains by the methyl group in the thiophene ring. 7 The FTIR spectra of solvent-treated P3MT nanotubes, synthesized at 0°C and −20°C, were similar to those shown in the inset of Fig. 2͑b͒ . Figure 3 compares the PL spectra of the NaOH treated P3MT nanotubes, which were synthesized at 20°C, 0°C, and −20°C. The main PL peaks were observed at ϳ490 nm with the shoulder peaks at ϳ530 nm due to S 0-1 transition. As the synthetic temperature of the systems decreased, the shoulder peak at ϳ530 nm disappeared, and the main peak at ϳ490 nm became sharper. The inset of Fig. 3͑a͒ shows the PL peaks of the HF treated P3MT nanotubes, which were synthesized at 20°C, 0°C, and −20°C. For the HF-treated P3MT nanotubes, we observed the similar dependence of synthetic temperature of the PL spectra. These results might be due to the better chain alignment and extended conjugation for the P3MT nanotubes synthesized at lower temperatures, in agreement with the results of UV/VIS absorbance spectra. The inset of Fig. 3͑b͒ shows the I-V characteristic curves of the bundle of the P3MT nanotubes with the template, which shows Ohmic behavior below 0.5 V, at RT. We used the same deposition area ͑radius= 1 mm͒ of top and bottom gold electrodes using the mask. The measured resistance were 9.16 ⍀ , 7.35 ⍀, and 5.65 ⍀, for the P3MT nanotubes bundle, synthesized at 20°C, 0°C, and −20°C, respectively. These results imply the homogeneous growth of the P3MT nanotubes from the wall side of the nanoporous. We observed that the resistance of the systems decreased with lowering synthetic temperature, in agreement with the results of UV/VIS absorbance and PL spectra.
In summary, we synthesized nanotubes and nanowires of P3MT by using nanoporous Al 2 O 3 template through electrochemical polymerization method at various synthetic temperatures. We obtained relatively long nanotubes of P3MT with lengths of 40 m, by applying ϳ1.7 mA/ cm 2 current density for 18-20 min. Based on UV/VIS absorbance spectra for P3MT nanotube samples, the positions and intensity of -* transition peaks and bipolaron peaks varied with synthetic temperature, which implies the possibility of controlling the electrical and optical properties of the systems. We observed that the main PL peaks at ϳ490 nm for the P3MT nanotubes became sharper and the resistance decreased, as the synthetic temperature of the systems decreased. 
